spectrometry is for determining radio nuclide activity levels in the ground. As an example, Figure 3 .1 shows spectra that were collected a few days and then several months after a fallout event from an atmospheric nuclear weapon test. Peaks in the spectra from natural and fission product sources are readily identifiable. One potential complication in this situation is that a spectrum collected with a detector mounted near ground level will consist of counts relating to the interception of fluence from sources contained not only in the ground but in the air as well. If the radionuclide under study is believed to be present in both the ground and air, overhead shielding can be used to screen out the air component. Alternatively, an air sample can provide a measure of the air concentration which can then be used to infer the count rate contribution in the collected spectrum.
Equations used in this Section are general in nature and can be used for a detector placed at any height above the ground. However, in this Report a standard reference height of 1 m is used for the examples that are given. For the determination of primary photon fluence rates in air due to radioactive sources in the ground, variables as depicted in Figure  3 .2 will be used.
The fundamental quantities used for in situ gammar:ay spectrometry include full-energy peak count rate N (S-l), fluence rate 'P (cm-2 S-l) and source activity Ax, where Ax can take the form of activity per unit areaAa (kBq m-2 ), activity per unit mass Am (Bq g-l) or activity per unit volume Av (Bq m-3 ). It is convenient to express the complete calibration equation (Beck et al., 1972) in terms of the ratios of these quantities as N N No 'P (3.1) whereNIA x is the full-energy peak count rate at some energy, E, from a gamma ~ra.nsition of the radionuclide under consideration, NINo is the angular correction factor for the detector response at energy, E, to account for the fact that the fluence from an extended source in the environment will not be normal to the detector face but rather distributed across some range in angles, Nol'P is the full-energy peak count rate per unit fluence rate (or peak response) for a plane parallel beam of photons at energy, E, that is normal to the detector face, and 'PIAx is the fluence rate, at energy, E, due to a gamma transition for a particular nuclide. The term 'PIAx is not dependent on the detector characteristics, but rather on the source distribution and will be discussed in Sections 3.1.3 and 3.3. The term Nol'P is purely detector dependent and is determined as des<:ri~ed in Section 2.5.
The term NINo is dependent on both the detector characteristics and the source geometry. It is computed as a weighted average of the normalized fullenergy peak count rate per unit fluence rate as a function of angle, N(O) , over the fluence rate distribution in cos 0, 'Pcos8 . . The limits of integration in the above Equation would be 0 to 180°, although for a detector positioned near the boundary of a half-space source geometry, the upper limit can be reduced to 90° because there is normally only a small contribution to primary fluence above 90° that results from coherent scattering. The sensitivity in the case of measurements over a soil half-space is maximized with the detector facing downward, in which case 0° is the perpendicular to the ground plane and normal incidence at the detector face.
Radionuclides in Plane Terrain
In many applications of in situ gamma-ray spectrometry, a good approximation of the source distribution is that of an infinite half space with a homogeneous source concentration in the horizontal plane and where variations occur only with depth in the soil. This can generally be assumed for naturallyoccurring radio nuclides in the soil, as well as for anthropogenic radionuclides that have been deposited through fallout in undisturbed areas. In practice, an infinite half space can be taken as a large area of open ground (out to a radius of 10 to 70 m, depending upon the source depth profile) where there are few obstructions (manmade or natural). For natural radionuclides (238U series, 232Th series, and 40K) a uniform concentration with depth in the soil can generally be assumed, while for fallout radionuclides, a decreasing exponential profile with depth can be used for the first few years after deposition or in undisturbed semi-arid regions. In the case of freshly deposited fallout that has not been driven into the soil by precipitation, the source activity will be close to an infinite plane on top of the ground.
Exponential Distribution and Attenuation Coefficients
Since the fluence from sources in the soil is more directly related to activity distribution as a function of intervening mass per unit area of soil rather than a Z 
Typical in situ gamma-ray spectra. The lower spectrum shows a spectrum with natural and long-lived anthropogenic radionuclides and the annihilation radiation indicated. The upper spectrum has been detected earlier at the same site following fallout from an atmospheric nuclear weapon test with short-lived fission products. function of depth z, the function
is defined, where {is the mass per unit area (g cm-2 ) down to depth z (em) and p(z) is the soil density (g cm-3 ). In some cases, p(z) can be taken as a constant. In other cases, it can be seen to vary with depth due to changes in the organic-mineral ratio and water content of the soil, as well as from the effects of compaction.
The activity distribution with depth, AmW, can thus be expressed as where Am.o is the activity per unit mass at the surface of the soil (Bq g-l) and the parameter ~ is called relaxation mass per unit area (g cm-2 ).2 For a source with constant activity in the soil, the relaxation mass per unit area approaches infinity, and for a source distributed on the soil surface, it approaches zero. For finite values of the relaxation mass per unit area the integral of AmW over {yields the activity per unit areaA a :
(3.5)
The use of the exponential model for the source profile is only an approximation, but a fairly realistic one for the case of recent deposition. In time, advection and diffusion would lead to a profile that is characterized by a peak below the soil surface. Also, land use and erosion processes lead to distributions that deviate from the exponential shape. However, even in these cases, an effective value of ~ can still be used for relating the measured fluence above ground to the source term in the soil. In addition to the complexities of the source profile, ground roughness has the effect of making the source appear to be more deeply distributed. As a result, the value of ~ would be larger and the field of view of the detector would be reduced. Due to the limited penetration of gammaradiation through soil, the activity in the top few cm of soil contributes most of the fluence being measured (Nielsen, 1977) . Thus, significant departures from the effective value of ~ that might occur several cm below the soil surface will not greatly affect results. Good agreement between the results of soil sampling and those obtained with in situ gamma-ray spectrometry using the exponential profile model have been demonstrated in the measurement of aged fallout (Beck and Krey, 1980; Miller and Helfer, 1985) .
Of fundamental nature in the calculation of fluences are the soil photon attenuation properties. Table 3 .1 shows the elemental composition ofthe soil used for numerical calculations in this report (Soil 1) in comparison with soil types used in other calculations, together with some relatively extreme soil types. Table 3 .2 gives the total mass attenuation coefficients excluding coherent scattering for these soil types which were obtained by using the cross section program XCOM (Berger and Hubbell, 1987) . At energies below 100 keY, there are significant differences between absorption properties of soils typically used to tabulate fluence rates for in situ gamma-ray spectrometry (1, 2, 3) and organic types (4) or highly mineralized soils (5). Above this energy absorption, properties are similar. For these higher energies, the mass attenuation coefficient is dominated by Compton (inelastic) scattering which does not vary much among the different elements. For this reason, for many applications the precise soil composition is not needed.
The soil moisture affects attenuation properties at Saito and Jacob (1994) . Soil of Type 1 has been used for fluence and kerma rate calculations for this Report. Soil composition 3 was used by Beck et al. (1972) , composition 4 is a wet organic peat and composition 5 a highly mineralized soil (Mudahar and Sahota, 1988 3.2-Total mass attenuation coefficients excluding coherent scattering, 1'.: / p (cm 2 g-l), for soil types as described in Table 3 . 1, calculated with XCOM (Berger and Hubbell, 1987) medium and high energies as the value of mass attenuation coefficient for hydrogen is about 10 percent different from that of the other major soil elements. The use of a 10 percent moisture content has been found to represent a reasonable average for fluence calculations.
Angular Correction Factor
In Appendix A it is shown that for an exponential activity distribution (Equation 3.4) and constant mass attenuation coefficient and density of soil, the polar distribution of the primary photon fluence rate in air is given by
where prE) is the emission probability (S-l Bq-l) of photons with energy E per disintegration of the source radio nuclide, Ma' is the linear attenuation coefficient in air without coherent scattering (cm-l ), Ms' is the linear attenuation coefficient in soil without coherent scattering (cm-l ), h is the detector height above the ground (cm), rand 8 is the angle between the normal to the ground plane and the soil volume element. Figure 3 .3 shows cumulative polar distributions of fluence rate for three different energies for the two extreme cases of a plane and uniform source depth distribution. Figure 3 .4 shows the results for three different shape detectors for two different source geometries, a plane source for a smooth interface and a uniformly distributed source with depth. As explained in Section 2.6, when the crystal length I dia~eter: ratio is close to unity, more uniform values of N(()/N o can be expected, and .th~s is also reflected in t4e 1;>ehavior of the function NINo. Also, as expected, NINo tends to flatten out at high energies, but can v:ary quite a bit at low energies. Although the value of NINo can be seen to vary considerably for different detectors and as a function of energy for a given detector, it is worthwhile to note that there are only minor differences for different source depth distributions. This results from the fact that, at a given energy, the angular distribution of the fluence does not change much with the source depth profile.
The situation of a detector facing upward with the dewar underneath will result in lower peak count rates for the measurement of radio nuclides in soil. The dewar itself will substantially attenuate the photon fluence from the ground underneath and, in general, tp.e de~ector mounting will result in lower values of N( () I No at incident angles at the back end of the crystal. However, since the angular distribution of the fluence is peaked toward the horizontal direction the overall effect is not substantial. The data of Helfer and Miller (1988) indicate that the value of N I N would only be reduced by a few percent for o c: . surface source distributions for a detector lacmg up as compared to facing down. For a uniform source distribution in the soil, the reduction would be typically 10 to 20 percent..
. . The integration of N( 0) I No over all flue~ce.angles IS the preferred technique for computing NINo. However, a simplification can be used for calibr~ting a detector that involves determining the factor NUN 'P, at only one angle and neglecting the angular correction factor NINo. Based on the data in Figure 3 .4, there is some justification for doing this in the case of a crystal where L :::: D, since the efficiency of the detector would not be too sensitive to (). As previously mentioned, the angular fluence distribution for a soil half-space is peaked toward the horizontal direction. Therefore, () = 90 0 (sidewall incidence) would be a representative angle to use for calibrating the detector. This technique has been used with success and appears to provide reasonably accurate results (Zahringer et al., 1990) .
In lieu of developing a full calibration for a detector, generic calibration factors can be applied if a high degree of accuracy is not required. These factors were developed on the basis of experimental findings on the characteristics of a number of different germanium detectors of various sizes and shapes and have been published by Helfer and Miller (1988) . The only parameters needed are the manufacturer's quot~d relative efficiency at 1,332 keY, the crystal LID ratIO and the detector orientation in the field (facing up or down). These generic factors are estimated to have an uncertainty of 10 percent for energies between 500 keY and 2,615 keVand 15 percent between 200 and 500 keY. Due to the sensitivity of the efficiency at low energies to individual detector characteristics, they cannot be used below 200 keY.
Fluence Rates per Unit Activity
Integrating 'PeDSO over cos () results in the total fluence rate. If the soil density does not depend on the depth in the soil the integration may be performed semi-analytically (Nielsen, 1977) . Numerical results that are also valid for the more general case of varying soil density are presented in Table 3 .3 for various values of 13 and for different source energies. For applying these values, the assumption of an infinite half-space source geometry means that the ideal soil surface. For the extreme case of a source of medium-to high-energy gamma rays at the surface of the soil, approximately half of the total fluence at one meter above the ground originates from the activity beyond a radius of 10 meters. Thus, care must be exercised for measuring recent fallout. If the ground is smooth and there has been dry deposition, the source may reside at the soil surface, i.e., the value of 13 will be close to zero. In this case, corrections should be made if the measurement site is oflimited size.
For homogeneous photon sources in the ground the primary photon fluence rate in air has been derived in Appendix A. Using recent nuclear decay data (NEA, 1994) , fluence rates in air at a height of 1 m above ground, due to homogeneously distributed natural radionuclides in the ground, have been calculated ( Table 3 .4). Although the assumption of a uniform profile in the soil for natural emitters is generally safe III most natural situations, cases where there is markedly different soil strata of varying nuclide concentration may produce anomalous results. This situation could arise if landscaping has been performed where topsoil from a different area has been used. Also, evaluations of the 238U series must be done with the awareness that 222Rn escapes from the soil and that the important gamma emitting progeny, 214Pb and 214Bi, may not be in equilibrium with 226Ra in the soil. Typically, soils emanate of the order of 15 percent of the 222Rn, although the amount that escapes from the ground can be less. Offsetting this loss is the contribution to the fluence rate at the detector from the progeny in the air (Beck, 1974) . This will be largest under atmospheric inversion conditions. Measurements of 214Pb and 214Bi are problematic during and up to a few hours after precipitation events since they are scavenged from the atmosphere and deposited on the ground. Disequilibrium is also possible for the 232Th series due to the exhalation of 220Rn or radionuclide transport processes in soil, although this is less likely to be as severe due to its relatively short half life.
If measurements of fallout radionuclides are to be made, the time of deposition must be taken into account and assurances established that no erosional processes or human activities such as tilling have disturbed the site. Table 3 .5 summarizes some findings for the value of the relaxation mass per unit area that various groups have reported in their investigations using in situ gamma-ray spectrometry for cesium isotopes. The values of 13 show a wide range because of different soil types, climatic conditions, and ages of fallout. With respect to the source, the study of Chernobyl fallout by Konoplev et al. (1993) has shown that the migration behavior of 137CS in the soil depends on the distance from the source. Closer to the source cesium was deposited partly in insoluble forms, e.g., in fuel particles or condensed matter, which has a lower migration velocity into the soil than the cesium of the weapons fallout.
Grouping the data in Table 3 .5 by age of fallout, values of 13 can be about 0.1 to 3 g cm-2 for recent events (less than one y), 1 to 7 g cm-2 for fallout after several years and 2 to 20 g cm-2 for aged fallout (greater than 10 y). In this latter group, it should be noted that natural sites in arid regions have characteristic 13 values that are lower than those found in moist regions. For non-arid regions, the data indicate that aged fallout (greater than 10 y after deposition) has 13 values generally greater than 10 g cm-2 . Also, the data show that forest sites tend to have lower 13 values as well, even in moist regions, possibly due to the ability of humus layers to retard penetration of the fallout into the soil. Table 3 .5 gives an overview of the variability of the relaxation mass per unit area for cesium isotopes under different circumstances. The attenuation of the gamma radiation from barium, iodine and ruthenium isotopes after a wet deposition was observed to et al., 1988 Jacob et al., 1994a Jacob et al., 1994a Golikovet al., 1993 Miller et al., 1991 lAEA,1991a Beck, 1966 Jacob et al., 1994a Jacob et al., 1994a Jacob et al., 1994a Golikovet aI., 1993 Beck and Krey, 1980 Miller and Helfer, 1985 Faller, 1992 be very similar to the attenuation of the radiation from 134CS (Jacob and Meckbach, 1992). Ifno comprehensive information on the depth distribution of the radio nuclides in soil is available, values given in Table  3 .6 may be used as an approximation. Values of 'PIAa needed for the evaluation of a measured photon spectrum can be found in Appendix A for selected anthropogenic radio nuclides and for various values of [3. In situations where there is more than one prominent line with which to infer the source activity, the weighting scheme given in Section 2.7 can be used to compute the average result. Differences in the measured activity between two separate lines for the same nuclide that cannot be explained by counting statistics, generally point toward a problem with the T ABLE 3.~Generic relaxation-mass-per-unit-area parameters for grassland (undisturbed) detector calibration or with the assumed depth profile.
Sensitivity and Uncertainties
As an indication of the sensitivity of the measurement result for the activity per unit area, to the assumed value of [3, Figure 3 .6 gives the activity per unit area that would be inferred for a full energy peak count rate of 1 S-l as a function of [3 for a typical medium size germanium detector for 141Ce (145 keY), 137CS (662 keY) and BOCO (1,332 keY). An analysis of the uncertainties with in situ gamma-ray spectrometry has been performed for radio nuclides emitting photons with medium energies (Sowa et al., 1989) . Sources of uncertainties examined included depth parameters, soil density and mass attenuation coefficients, detector parameters and counting statistics. The results of this analysis indicate that most of the uncertainty relates to the influence of the depth distribution of the radio nuclides in the soil. Sowa et al. (1989) assumed a distribution decreasing exponentially with the mass per unit area in the soil. The uncertainty bounds of the relaxation mass per unit area were chosen in the study to differ from the <)' (1,332 keY) that would be inferred for a full-energy peak absorption count rate of 1 S-1 as a function of source depth distribution for a typical germanium detector with 22 percent relative efficiency and an angular correction factor of one. ...... average by a factor of two. For f3 = 1.6 g cm-2 , the uncertainty bounds of the result of the measurement (the activity per unit area) were then derived to be -20 percent and +34 percent of the best estimate and for f3 = 4.8 gcm-2 , -28 percent and +53 percent. The results of this study may be accepted as lower bounds of the uncertainty range since, in general, the variation of the depth distribution of the fallout radionuelides seems to be larger than it has been assumed in the study. For example, in June/July 1986, the relaxation mass per unit area for Chernobyl fallout was found to vary by a factor of four among seven sites in Bavaria and, in April/May 1989, to vary by a factor of seven among eight sites (Jacob et ai., 1990a). This variation was observed despite the fact that the deposition mode, as well as the soil characteristics, were relatively similar for these sites. Apart from the above mentioned uncertainties, in situ gamma-ray spectrometry remains a fairly sensitive technique for determining fallout levels. Table  3 .7 presents estimates of minimal detectable activities, in terms of the activity per unit area, for various radionuelides at two different depth distributions based on using a 22 percent relative efficiency detector and a count time of 30 min in a typical natural background radiation field. The minimum detectable activity per unit area is similar for all of the radionuelides given since the yields of the main lines are similar and since the weaker attenuation of photons with higher energies is compensated by a lower peak response. Spectrometers that are suitable for large photon fluence rates are capable of measuring activities per unit area in the order of 1 MBq m-2 . 
In Situ Evaluation of the Attenuation by the Ground
The accuracy of the results of standard in situ gamma-ray spectrometry is limited by the fact that the method is based on an assumption of the attenuation of the gamma radiation by the soil. Different methods to derive the attenuation of the unscattered radiation from information contained in the measured spectrum have been proposed. They fall into two categories based on different effects: (1) The ratio ofthe scattered radiation to the unscattered radiation increases with the attenuation of the radiation and (2) The attenuation of the unscattered radiation depends on photon energy.
In an application of the first method (Karlberg, 1990) , the measured exposure rate was corrected for contributions of natural radionuelides in the ground and for cosmic radiation. The result was related to the fluence of primary photons and the attenuation of the radiation was assessed. In this first application, the attenuation was systematically underestimated, compared to results from depth profiles in soil samples. It is suggested that this method could be improved by taking advantage of spectral unfolding procedures as described in Section 5.2.
Another method of the first category has been developed by Zombori et ai. (1992) . It is based on the fact that the ratio Q of the counts (background subtracted) in a peak and in a region below the peak ('valley', compare Figure 2.3) , depends on the distribution of the radionuelide in the soil. The method is, in principle, powerful for a determination of the depth distribution of 137CS, but it is sensitive to disturbances of the counts in the valley, for instance by the 636 ke V line of 125Sb or the scattered photons of the 796 keY line of 134CS. Also, deviations of the depth distribution from an exponential profile may considerably influence the results. Zombori et ai. (1992) tried to treat this aspect by using nonexponential profiles in their evaluation. This needs to be improved by inventing a two-parameter family of distributions, since only two parameters can be deduced from the measured value of Q and of the peak count rate.
In the second elass of methods, the ratio of fluence rates of primary photons with different energies and emitted by the same radionuelide are used to derive the attenuation of the radiation. Sowa et ai. (1989) proposed the following method for a derivation of a parameter of the depth distribution from the spectrum. The effects of surface roughness of the ground and depth distribution of the radionuelide in the soil are approximated by an effective exponential distribution of the activity concentration in the soil (Section 3.1.1). Approximations Aa/(3) for A a , the activity per unit area of a given radionuelide,. may be obtained from different peak count rates N, in a measured spectrum, corresponding to different emission lines i of the radio nuclide by Aa, i(3) (Ej, (3) ]-1.
(3.7) N I Aa is the calibration factor, as defined in Equation 3.1. Its dependence on the energy Ei and on the depth distribution parameter has been discussed in Section 3.1.3. If a radio nuclide emits photons with more than one energy, a weighted average Aa([3) of the approximations may be obtained (compare Equation 2.8) (3.8) where Wi is the recipr9cal of the relative variance of the peak count rate N i . Now an optimal value of [3 may be determined by minimizing the sum of weighted square deviations of Aa, i ([3) from Aa([3):
L (Aa([3) -Aa,i ([3»2 . Wi' (3.9) The resulting value of the relaxation mass per area, [3, corresponds to an exponential distribution of the radioactivity in the soil that has a pattern of attenuations of the different lines of the radionuclide of interest which is most similar to the measured spectrum. Similar methods were proposed by other authors (Karlberg, 1990; Korun et at., 1991) . Initial applications of the outlined method to spectra and soil activities measured after the reactor accident at Chernobyl were not able to demonstrate explicitly an improvement in comparison to the standard method. This was due to the relatively small differences in energy of photons emitted by the radionuclides of interest (l34Cs or 140La) or due to the small number of treated examples which was not sufficient to produce a statistically significant result.
In a more recent paper (Rybacek et at., 1992) , it was shown that an application of the method on the 662 keY gamma line and the x-ray lines with energies of about 32 keY of 137Cs reduced the mean uncertainty of the result considerably compared to the standard method of in situ gamma-ray spectrometry. 2.0 g cm-2 may occur. According to Figure 3 .6, the measured 662 keY fluence rates vary by a factor of two in this range. Since the ratio of the 32 ke V to the 662 keY fluence rates also varies by a factor of two in this range, this measurable quantity is as sensitive to the depth distribution as the 662 keY fluence rates per unit activity per unit area. The method is applicable to situations where contributions to the 32 keY peak by radionuclides other than 137CS can be subtracted with a sufficient degree of accuracy. During the first month after a deposition of a complex nuclide spectrum, the disturbances by short-lived radionuclides will, in general, be too large to apply the method. Another condition of the applicability of the method is that the cesium has not already migrated so deeply into the soil that the 32 keY line is no longer detectable in air. 140La also emits photons with wellseparated energies (e.g., 329 and 1,596 keY) . However, as shown in Figure 3 .7, the ratio of primary photon fluence rates in air in this case is considerably less sensitive to the depth distribution than for 137CS. In the case of 134CS, the method is even less sensitive.
The uncertainty of the results and the sensitivity of the method depend on the measuring time, the activity per unit area, the depth distribution of 137CS and the contributions of other radio nuclides to the 32 keY peak and its background. In the study it was concluded that for measuring times of one hour, radionuclide compositions similar to the Chernobyl release, and times in the range of one month to one year after deposition, 137CS activities per unit area in the order of 10 kBq m-2 could be determined with uncertainties corresponding to standard deviations on the order of 15 percent. It seems to be worthwhile to study more closely the applicability of the outlined method to other conditions (e.g., different levels of activity or other times after deposition) and its utility for radionuclides other than 137CS, including natural radionuclides.
Radionuclides in Structured Terrain
In the context of in situ gamma-ray spectrometry, structured terrain is defined by measuring sites consisting of surfaces with different activities per unit area or different depth distributions of the radionuclides or by the existence of shielding structures.
Special examples are populated areas, i.e., environments where people live and work, including villages, towns, industrial areas and farm buildings. Contamination levels can be followed as a function of time to obtain information on the behaviour of radio nuclides in these environments. In situ gamma-ray spectrometry can also be used to study the effect of decontamination measures by measuring the contamination levels on the surfaces before and after a forced decontamination.
In situations where there is potential for inhomogeneity in the horizontal distribution of deposited activity due to sparse ground cover, accurate measurements can still be performed providing that the scale of spatial variations of these inhomogeneities is small in comparison to the scale of the field of view of the detector (Miller and Helfer, 1985) . As an example, fallout in semi-arid regions may tend to clump under scattered vegetation from the effects of wind blown soil. If the value of [3 does not vary substantially among the different ground covers, no corrections are needed as the average activity per unit area for the site will be measured. If t~e value of [3 does vary substantially, the value of N/Aa can be computed as an average, weighted by the fraction of the total deposited activity associated with each ground cover. In this situation, the infinite half space can be considered as a collection of sub spaces, each with its own characteristic radio nuclide activity per unit area and depth profile, which can be measured via soil sampling. In a strict sense, the in situ spectrum does not provide an independent measure of the dE;posited activity. However, the average value of N/Aa is bounded by the range of respective values for each type of ground cover. This range may be small compared to the variation in the activity per unit area so that the in situ spectrum provides a reasonably accurate average without resorting to far more extensive soil sampling.
A straightforward application of in situ gamma-ray spectrometry with non-shielded detectors is possible in structured terrain if it is known that the contamination of one type of horizontal surface dominates the photon fluence rate in air. In this case, Figure 3 .8 can be used for deriving correction factors for the geometry of the site (Jacob et al., 1987; 1990a) . Depending on the type of the surface (e.g., lawn or asphalt) and the time after the accident, an appropriate relaxation mass per unit area has to be chosen. For undisturbed Fig. 3.8 . Primary photon fluenee orginating from horizontally finite sources of 662 keY photons with exponential depth distributions and relaxation mass per unit areas of 10 gem 2 (._. l, 3 g em·· 2 (---l, 1 gem 2 ("-"l and 0.1 gem 2 (-l. grassland, this parameter has been discussed in Section 3.1. For non permeable surfaces (roofs, asphalt, concrete) , Roed (1990) showed that 137CS is confined to the uppermost few millimeters even five years after deposition. A relaxation mass per unit area of 0.1 g cm-2 will be appropriate in this case. A shielded detector system is a very convenient tool for finding the contamination levels on the various surfaces. For many applications in urban areas, it will be necessary to collimate the detector in order to view defined areas of horizontal and vertical surfaces in the urban complex. Similarly, it is essential to prevent extraneous radiation from entering the detector. However, as the area viewed by the shielded detector is comparatively small, longer counting periods will be required to obtain accurate results.
The shield can be designed for surfaces of all spatial orientations. Normally, however, it is sufficient to build shields that allow the detector to view surfaces of vertical and horizontal orientation. A design for a shielded detector system can be seen in Figure 3 .9. The solid angle at which the detector views the surface is so small that, in most cases, the shielding provided by the normally smooth urban surface on which the contamination is deposited, can be neglected.
A shield ofthe type shown in Figure 3 .9 has a small 'gray zone' (that is the solid angle at which only part of the detector is shielded) compared to the shield design shown in Figure 3 .10, where the 'gray zone' is larger. The former shield gives a better definition of the area of the surface viewed by the detector, but requires more lead. The calibration of the detector system has to be done with the shield present because of the 'gray zone' effect.
The distribution of the deposited material can vary considerably on the same type of surface, e.g., on plastered house walls (Roed and Sandalls, 1990) . Further, in situ gamma-ray spectrometry using heavy lead shields is difficult to carry out at elevated heights. In these cases, a combination of gamma-and betadetection can be of great value. The combination can Fig. 3.9 . Shielded detector for measuring contamination on ground surfaces. The solid angle under which only part of the detector is exposed is shown as gray. be done by performing shielded in situ gamma-ray detection on a part of the structure and the average beta count rate can then be detected on the same surface. Subsequently, beta counting can be performed on another part of the surface and can be related to the count-rate on the gamma-detected surface. The problem introduced by the beta background can be solved by performing a combined gamma-and beta-detection on surfaces of the structure with very different contamination levels. Then the beta-background can be estimated.
Radionuclides in Air
As in the case of sources in the ground, in situ gamma-ray spectrometry can be applied to a distribution of radio nuclides in air. The principal limitation, however, is the fact that this distribution may be complex and that it is likely to change over short time intervals. However, under certain conditions and with conventional approximations of the source geometry, it has been shown that reasonably accurate measurements of the concentrations of radioactive noble gases and the associated air kerma rate due to an effluent plume can be made (Gogolak, 1984a) .
The simplest approximation of a source geometry in air is the semi-infinite cloud, i.e., a uniform concentration in air. An analogous calibration equation to that of Equation 3.1 can be applied. As shown in Appendix A, the fluence distribution as a function of angle is a uniform function of cos () above the plane 
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of the detector, i.e., 90° < 8 <180°, in this detectorsource geometry
where prE) is the emission probability of photons with energy E per disintegration, Ay is the activity per unit volume in air (Bq cm -3) and /-L' a is the linear attenuation coefficient of air (cm-I ) at that energy.
For the source term below the plane of detector, i.e.,
(3.11) 'PcosO = Figure 3 .11 shows the angular ftuence rate distribution in cos e for a detector at 1 m above the ground.
Integrating both of these terms, the unscattered ftuence rate is peE density of 1.2 x 10-3 g cm-3 and weight fractions of 75.5 percent ofN, 23.2 percent of 0 and 1.3 percent of Ar are given in Table 3 .8. Table A .2 presents values of for some common anthropogenic radionuclides of 'P lAy interest.
The contribution from angles less than 90° (the second term in the above equation) is less than 10 percent at a low energy of 80 keV and significantly less for medium and high energies. It would be negligible for a detector with a small cryostat that is placed directly on the ground (h « 1). Given this, the calibration can be simplified by considering only the source term above the plane of the detector (the first term in the above , Equation) . Doing this, the angular correction factor, N I No, reduces to the simple average relative resp'o~se as a function of cos 8. For a detector facing up, NINo will be close to 1.0 for germanium crystals where LID is about one and would also approach unity for most other crystals at high energies. Tl~e ~xtreme cases would be for low energies where NINo might range from about 0.5 for short crystals to about 1.5 for long crystals.
The applicability ofthe semi-infinite cloud approximation can be justified by comparing the results that would be obtained with a spectral measurement (assuming this source distribution) with the calculated concentration at various points within a finite cloud as modeled by a simplified Gaussian plume. One can consider a cloud with an Gaussian activity distri- bution, as symmetrical around the line of propagation. Distances may be expressed in mean free paths in air (IL ~ -1) of the particular gamma energy under consideration. For off-centerline measurement points evaluated with the model of a homogeneous activity per unit volume, the error in the estimation of the activity per unit volume at the place of measurement has been studied (Gogolak, 1984b) . In Figure 3 .12 it can be seen that an error of less than a factor of two would be made when one is positioned near the centerline of the cloud, unless the cloud is extremely small. For the case of a small cloud, i.e., one where the cloud size is less than one-half of the mean free path of the gamma ray, it is possible to underestimate the air concentration at points of measurement near the centerline. In contrast, an overestimate can be made when the detector is positioned at relatively large distance to the plume centerline if the cloud size is not sufficiently large. For gamma sources with energies between 80 and 700 keY, the mean free path in air ranges between approximately 50 and 100 meters. If the plume standard deviation is at least 1.5 to 2.0 mean free paths (75 to 200 m) and the measurement is made within five mean free paths (250 to 500 m) of the plume centerline, acceptable results can be ob- tained. Unless there is an extremely stable atmosphere, the proper measurement conditions can be achieved a few kilometers downwind of the source.
Measurements where a semi-infinite cloud approximation is not applicable can still be performed if one wishes to simply quantify the primary fluence from individual noble gases and not attempt to estimate cloud concentrations. The air kerma rate may also be approximated by considering the ratio of fluence to air kerma rate which can be calculated for finite cloud geometries. Because of the complexity of the source geometry, it would be best under these circumstances to use a detector with a fairly flat angular respoJ?se.to limit the uncertainty associated with the factor NINo.
In some situations, the actual distribution of the source term within a cloud may not be accurately predicted with simple models, as with the case of a meandering plume. In these situations, the potential exists for larger errors in the measurement of air concentrations and associated kerma rates. However, the measurements in themselves can help to verify plume shape if several well-spaced detectors simultaneously collect spectra or if ground-based vehicles are employed to move detectors rapidly across the plume. Aircraft measurements can also play an important role in these situations, as will be discussed in the following section. Table 3 .9 presents estimates of minimum detectable activities per unit volume of air for some common radionuclides for a semi-infinite cloud. The detector, the background characteristics and the count time are assumed to be the same as those used in Table 3 .7. Spectrometers that are suited for large photon fluence rates are capable of measuring activities per unit volume up to the order of 10 kBq m-3 • 
